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However, in general, the energy minimization does not lead itself to new insights into the structure and usually finds a local minimum of reasonable energy. As observed by Novotnf et al. (1984) , it is not a discrimination of the overall correctness ot the model but, given a good starting conformation, it will optimize the local interactions. In this study a comparison of the refined structures of endothiapepsin and its complex with H-142 will be of particular interest as the energy-minimization procedure should be able to identify local changes in conformation in the native structure due to the presence of the H-142 inhibitor. Only small changes have been indicated between the conformations of endothiapepsin and its complex with H-142 by using energy minimization and this is consistent with changes defined by the high-resolution X-ray studies. The detail of these changes will be reported elsewhere. At present, it appears that the conformational changes even in the active site aspartic acid residues and the 'flap' region are smaller than might have been expected and much less extensive than those reported in the X-ray analysis of inhibitor complexes involving penicillopepsin (James et al., 1982) ; this result appears to have been mainly a consequence of the intermolecular hydrogen bonding of the 'flap' in the crystals of penicillopepsin.
The detailed study of enzyme mechanisms and the characterization of new inhibitors require well-defined substrates. In the field of proteolysis, many enzymes can be assayed conveniently by following the degradation of a naturally occurring protein. However, although such reactions are Abbreviations used: NO,-Phe, p-nitrophenylalanine; dansyl, 5dimethylaminonaphthalene-1-sulphonyl.
usually very sensitive, the fact that several peptide bonds are cleaved and that substrate conformation can influence the rate of hydrolysis renders such substrates less valuable for mechanistic studies. Furthermore, these properties make it impossible to characterize inhibition processes in any detail because the substrate concentration and the reaction conditions cannot be varied. In the case of aspartic proteinases, many early mechanistic studies utilized dipeptide substrates, such as acetyl-Phe-Tyr12 (Jackson et QI., 1965) . The availability of such defined substrates stimulated mechanistic work and permitted the characterization of the pH dependence of porcine pepsin and other readily available aspartic proteinases.
Recent crystallographic studies James et al., 1982; Andreeva et al., 1984; Hallett et al., 1985) Vol. 13 BIOCHEMICAL SOCIETY TRANSACTIONS have revealed that these enzymes have an extended activesite cleft which is able to accommodate at least seven amino acids. This situation has been observed with many other enzymes that are intended to work on polymeric substrates. The extensive nature of the active-site cleft raises the possibility that small substrates such as di-or tri-peptides might be capable of binding to the enzyme in multiple orientations or in multiple copies. Since this could complicate the interpretation of kinetic constants derived from activity studies, attempts were made t o design substrates that would be capable of binding t o these enzymes in only one way. This account describes several systems that have been found to be useful in studies of catalysis and inhibition of the aspartic proteinases. In the design, the following parameters were considered to be important for productio:r of a good substrate. It should: (1) be large enough to occupy the active site uniquely;
(2) be maximally soluble in aqueous buffers (i.e.
[S]
greater than K,); (3) give a measurable change in some spectroscopic property so that a continuous assay is possible; and (4) show specificity for the enzyme(s) of interest.
Fluorescent substrate f o r pepsin
Fruton and his colleagues prepared a large series of substrates for pepsin (Sampath-Kumar & Fruton, 1974; Inouye et al., 1966; Hollands & Fruton; 1968; Sachdev & Fruton, 1970) and provided much information of value about binding to the active sites of the aspartic proteinases. After their observations (Sachdev et al., 1972) dimethylaminonapht halene-sulphonyl-Ala-Ala-Phe-Phe-(3-pyridylpropyl) ester was synthesized. This compound is an excellent substrate for pepsin at pH 3.1 and, since protonation of the pyridine nitrogen increases the hydrophilicity, the substrate is soluble at sufficiently high concentrations to permit determination of kinetic parameters. However, the overall goal of this programme was to obtain inhibition data at pH 5.5 in order to study a series of peptide inhibitors. That pH was above the pK, of the pyridine and this compound was not sufficiently soluble at pH 5.5 t o be of value.
In an effort to increase the aqueous solubility, the pyridine nitrogen was methylated. This resulted in a very versatile substrate that was readily soluble from pH 1 to 7. It was observed that the cleavage of this modified substrate was accompanied by an increase in the fluorescence of the dimethylaminonaphthalenesulphonyl (dansyl) group. This was large enough to utilize for a continuous assay and kinetic parameters were obtained at a variety of pH values (Deyrup & Dunn, 1983) . Also, this substrate permitted the direct measurement of inhibition constants.
Since the synthesis of this compound is tedious, the preparation of substrates that possess other chromophores has become a more practical way to probe these enzymes. However, this fluorescent chromophore was of value in mechanistic studies to be described below.
Oligopeptide substrate design
Early crystallographic results and statistical surveys (Powers et al., 1977) of substrate preferences both revealed that the active site of pepsin consisted of at least seven subsites. Therefore, a heptapeptide was designed that would contain residues directed to each subsite. The objectives were to fill the active-site cleft and to force the substrate to bind in one unique way. Residues were chosen from the data presented by Powers et al. (1977) that were favoured in each subsite and that also were as hydrophilic as possible. Many of the synthetic substrates prepared for pepsin suffer from the requirement for hydrophobic amino acids to be located in the P, and P1* positions, i.e. the primary specificity sites. The smaller the peptide, the more these two hydrophobic residues will dominate the solubility properties. The longer oligopeptides described here were prepared in an effort to introduce more hydrophilic residues and produce a more natural substrate. The sequence initially chosen was: Asn-Thr-Glu-Phe-Phe-ArgLeu. This was synthesized and some kinetic data were obtained with this peptide by utilizing the fluorescamine assay for the detection of new amino groups. At this point, Hofmann & Hodges (1982) reported that if a pnitrophenylalanine (NOz-Phe) residue was placed in the P1f position of a peptide substrate, enzymic hydrolysis yielded a shift in U.V. spectrum upon cleavage. Therefore, the peptide Pro-Thr-Glu-Phe-NOz-Phe-Arg-Leu was synthesized with replacement of the PI# phenylalanine residue with NOz-Phe and substitution of the N-terminal asparagine residue with proline in order to simplify the synthetic strategy. This peptide has proven valuable in studies of pepsin and various other members of the aspartic proteinase family. It is soluble to a concentration or at least 5mM in aqueous buffers, gives a change in absorbance at 310nm of between 1700 and 2000 absorbance units/mol, and it is hydrolysed at variable rates by a number of aspartic proteinases. A selection of kinetic parameters obtained with several enzymes in this family are presented in Table 1 .
Since the NOz-Phe residue is a strongly absorbing chromophore, it facilitated the isolation of the tripeptide product of hydrolysis, NOz-Phe-Arg-Leu, by reversedphase h.p.1.c.
Of great importance to studies of this family of enzymes is the fact that this oligopeptide and its derivatives are readily soluble over a broad pH range. This type of substrate can therefore be utilized to study kinetic parameters for various aspartic proteinases at their optimal pH values. It is well known that the activity of cathepsin D, for example, is maximal at higher pH than the gastric proteinases such as pepsin. The differences seen in k,,, K , and the ratio kCat/K, indicate that there are subtle differences in each of the subsites within these largely homologous enzymes. These differences are now being probed using a series of substrates with systematic substitution of the residues in the P3 and the PZ positions .
A typical example is given in Fig. 1 for the pig pepsincatalysed hydrolysis of Lys-Pro-Ala-Glu-Phe-NOz-Phe-ArgLeu.
Use o f peptide substrates for low-temperature enzymology
With the availability of these two distinct types of chromophoric substrate (namely dansylated and N02-Phecontaining), it was possible to perform mechanistic investigations of the pepsin catalytic reaction. Early mechanistic work led to the proposal (Knowles, 1970; Takahashi et al., 1974) that pepsin can form covalent intermediates with the products of peptide-bond cleavage. To account for the observation of transpeptidation, it was suggested that either acyl enzyme intermediates (from the left-hand half of a substrate) or amino enzyme intermediates (from the right-hand half of a substrate) could be formed depending on the substrate structure and the conditions. Substrate I (dansyl-Ala-Ala-Phe-Phe-OP4P-CH;) contains a chromphoric group in the acyl portion and substrate I1 (Pro-Thr-Glu-Phe-NOz-Phe-Arg-Leu) has a chromophoric group in the C-terminal portion. Formation of an acyl enzyme intermediate from substrate I should yield an enzyme species labelled with a dansyl group. Formation of an amino enzyme intermediate from substrate I1 should yield an enzyme species labelled with a NOz-Phe group. Conversely, formation of an amino enzyme intermediate from substrate I should yield a 'burst' of dansyl-Ala-AlaPhe product. Also, formation of an acyl enzyme intermediate from substrate I1 should yield a 'burst' of NOz-PheArg-Leu product.
In order to search for these possible products, conditions had to be found where the turnover of the enzyme was stopped and yet where it was possible to achieve a large enough sample of enzyme to quantify any of the postulated products. The solution was to utilize cryoenzymological conditions (Dunn & Fink, 1984) , temperatures below 0°C in a partially aqueous solution. For pig pepsin, conditions were determined (below -50°C in 50% methanol/water) where hydrolysis of substrate I and I1 effectively ceased.
A two-state test for covalent intermediate formation was then applied. Firstly, an attempt was made to observe the 'burst' of release of either chromophoric product under these conditions. No such burst was observed with either substrate under any conditions. Secondly, the protein was precipitated with trichloroacetic acid and isolated by centrifugation to search for any covalently attached peptide fragments. By spectroscopic criteria and by amino acid composition, no evidence was observed for covalent intermediate formation. This negative evidence is consistent with other recent observations that lead to the conclusion that the aspartic proteinases operate through a mechanism involving general base catalysed attack of water directly on the peptide bond without the formation of any covalent intermediates. Similar experiments on penicillopepsin (Hofmann & Fink, 1984 ) also failed to produce any evidence to substantiate the formation of covalent intermediates.
